Abstract-This paper investigates an underlay cognitive radio (CR) that extracts energy from radio-frequency signals of one primary user. We assume that both the wireless energy harvesting and the secondary transmission processes of the CR suffer Rayleigh block fading. Considering the intrinsic harvesting-transmitting tradeoff, we optimize the harvesting time and transmit power of the CR to minimize the outage probability of the secondary transmission, subject to the primary interference and the energy causality constraints. Numerical evaluation validates the correctness of this work.
I. INTRODUCTION
Energy harvesting is a promising solution to the energy-constrained problem for wireless networks as it can provide perpetual energy supply without battery recharging or replacement. In particular, radio frequency (RF) energy harvesting [1] - [6] becomes more flexible and sustainable than conventional solar or wind energy harvesting techniques, since an increasing amount of wireless transmitters are deployed and the RF signals radiated by ambient transmitters are consistently available. We are interested in RF-powered cognitive radio networks (RF-CRNs) and study a green coexistence paradigm for RF-CRNs in this paper.
According to the coexistence paradigm, the existing works on RF-CRNs can be classified into three categories, namely, interweave [7] - [9] , overlay [11] - [13] and underlay [14] - [16] . In the interweave paradigm, secondary users (SUs) first harvest energy and then opportunistically access the licensed spectrum when primary users (PUs) are detected as inactive [7] - [9] . In the overlay paradigm, SUs use the harvested energy from the PU signal to forward the data of both PUs and SUs, provided that perfect cooperations between PUs and SUs [11] - [13] are assumed. In the underlay paradigm, SUs harvest energy from the RF signal of PUs or other SUs, and transmit with the harvested energy provided the interference to PUs is below a tolerable threshold [14] - [16] . Moreover, reference [17] proposes a hybrid overlay-underlay access scheme for cognitive radios by combining the virtues of two paradigms.
An underlay RF-CR working in a "harvestingtransmitting" fashion is studied in this paper. First, the RF-CR harvests energy from the PU signals and then transmits by using the collected energy. Considering Rayleigh block fading during the energy harvesting and the secondary transmission processes, we for the first time formulate and solve an outage probability minimisation problem for the RF-CR in terms of the harvesting time and transmit power, subject to the primary interference and the energy casualty constraints.
Different from [14] which needs extra power beacons to power RF-CRs, in this paper PU acts as an energy source and interference to the RF-CR simultaneously, as a result of which the studied harvesting-transmitting optimization becomes more complicated and challenging. Although [15] also studies the harvesting-transmitting optimization problem for one RF-CR, this paper generalizes [15] by considering Rayleigh fading during the wireless energy harvesting and the secondary transmission processes. As a result, both the formulated system model and the resulting optimization problem are completely different from those in [15] .
II. NETWORK MODEL
As shown in Fig. 1 , a slotted RF-CR system with a PU transmitter (PU-T)-PU receiver (PU-R) pair and an SU transmitter (SU-T)-SU receiver (SU-R) pair is considered in this paper. We refer the link between the SU-T and the PU-R as the primary interference 978-1-5090-5932-4/17/$31.00 ©2017 IEEE channel, the link between the PU-T and the SU-R as the secondary interference channel, the link between the PU-T and the SU-T as the energy harvesting channel, and the SU transmitter-receiver link as the secondary transmission channel. We use g sr , g pr , g ps and g s to denote the primary interference channel gain, the secondary interference channel gain, the energy harvesting channel gain and the secondary transmission channel gain, respectively. In this paper, we assume all the channels suffer independent non-identically distributed Rayleigh block fading with mean
Then, all the channel gains g i are exponentially distributed random variables with probability density functions (PDFs) f g i (x) = λ i exp(−λ i x) and cumulative distribution functions (CDFs) F g i (x) = 1 − exp(−λ i x). It is assumed that λ i can be perfectly obtained by the SU-T through channel training and estimation. However, we do not require the SU-T and SU-R to follow the instantaneous fading state of the channels, which could noticeably reduce their overhead in terms of energy and time. The SU-R is assumed to have a sufficient energy supply. In contrast, the SU-T wirelessly collects energy from RF signals of the PU-T. A half-duplex mode is adopted by the SU-T. Each time slot with length T is partitioned into an energy harvesting phase and a transmission phase. We focus on an arbitrary time slot and neglect the time index for notational convenience.
Energy harvesting phase: We assume that the initial energy of the SU-T at the beginning of the studied slot is zero. After harvesting energy for a duration τ, the SU-T has available energy by the end of this phase
where ξ denotes the energy conversation efficiency of the SU-T and P t denotes the transmit power of the PU-T.
Transmission phase: In this phase, the SU-T consumes the harvested energy to transmit data. Obviously, the transmit power of the SU-T P s is upper bounded by its harvested energy
(2) is commonly referred as the energy causality constraint [14] . In addition, to protect the PU-R, we also consider the primary interference constraint imposed by the PU-R Pr
where ω (which is less but close to 1) is the lower bound for the probability of fulfilling the primary interference constraint, and I p is the peak interference at the PU-R side. Both I p and ω are specified by the PU-R.
Considering that g sr is exponentially distributed with the CDF F g sr (x), we can obtain an equivalent form to (3)
Note that, when
, the SU transmitter saves the rest of the harvested energy in the energy storage device. The energy management scheme of the RF-CRN is out of the scope of this paper.
Then, we have the signal to interference plus noise ratio (SIR) of the SU-R as follows
where σ 2 denotes the variance of the noise at the SU-R. In wireless networks, the instantaneous link capacity is often of the form α log(1 + β SIR(P s )), where log(.) is assumed to be the natural logarithm, while α > 0 and β > 0 are some system parameters that depend on the signal bandwidth, modulation, coding scheme and the required bit error rate. For ease of exposition, we assume α = β = 1 in all that follows. Then, the achievable throughput (nats/s/Hz) of the RF-CR is given by
III. HARVESTING-TRANSMITTING OPTIMISATION Let R denote a specified physical layer transmission rate of the SU-T. An outage happens when f (τ, P s ) is smaller than R, or equivalently SIR(P s ) < μ(τ), where
Due to the lack of a closed form expression for the outage probability P out , we propose a lower boundP out on P out . Specifically,
where E(SIR(P s )) denotes the mathematical expectation of SIR(P s ) and "≥ a " follows Markov's inequality. Then we are in the position to state the outage minimisation problem which is the main contribution of this paper
Due to the increasing monotonicity of SIR(P s ) in P s , we know the optimal transmit power minimisinǧ P out (τ, P s ) must be in the form of
Lemma 1: The mathematical expectation of P * s is given as follows:
where
With (9), we know P * s = ξ g ps P t τ T −τ if g ps < Δ ps , and P * s = −λ sr I p log(1−ω) otherwise. Then, we can reformulate (11) as follows:
which completes the proof. Taking the expected value of the numerator and denominator in (5) with respect to the Rayleigh fading when P s = P * s gives We define η = τ T which is known as the harvesting ratio [14] [15] . Then, problem (8) has a simplified but equivalent form
where A = λ pr ξ P t λ ps λ s (P t +σ 2 λ pr ) > 0 and B = λ ps λ sr I p log(1−ω)ξ P t < 0. Problem (13) can be solved by exhaustive search in terms of η. Finally, the optimal harvesting time τ * and transmit power P * s to problem (8) are given by τ * = T η * and P * s = min 
IV. NUMERICAL EVALUATION
Simulations are employed to validate the proposed results. We set network parameters according to typical RF-powered CR scenarios [14] - [15] . Specifically, the parameters are given as follows: ξ =0.95, λ ps =1, λ sr =10, λ pr =10, λ s =1, ω=0.9, R=1 nat/s/Hz, σ 2 =1. Fig. 3 shows the outage performanceP out against η for different (P t , I p ), while both P t and I p are normalised by σ 2 . It is clearly shown thatP out increases with P t and decreases with I p . This is due to the fact that small P t produces less interference to the SU-R and large I p enhances the transmitter power of the SU-T, both of which further improve the f (τ, P s ) and finally reducê P out . We also observe the uniqueness of the optimal harvesting ratio η * in Fig. 3 . Fig. 4 depicts (η * , P * s ) against P t for different I p . It is obvious in Fig. 4 (a) that η * decreases with P t and increases with I p , which can be explained by the fact that large P t implies fast charging rate and small I p imposes strict limitation on P s , both of which further require small harvesting ratios. As P * s depends on the realisation of g ps , Fig. 4 (b) are depicted by averaging over 10 5 independent simulation runs. Similar to Fig. 4 (a), P * s increases with I p in Fig. 4 (b) , which coincides with (9) . Due to the "min" operation in (9) and the average over extensive simulations, P * s is not monotonic in P t . V. CONCLUSION This paper has focused on an underlay RF-CR working in a "harvesting-transmitting" fashion. Considering Rayleigh fading during the energy harvesting and the secondary transmission processes, we have formulated and solved an outage probability minimization problem with respect to the harvesting time and transmit power of the RF-CR, subject to the primary interference and the energy casualty constraints. The obtained optimal solutions have been analyzed by simulations.
Future work will focus on the resource allocation for RF-CRNs with multiple cognitive users.
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